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Telomerase is critical for the protection of germ line and stem cell chromosomes from fatal shortening during replication. In most
organisms, telomerase activity is suppressed in progressively committed cells and falls to basal rates in terminally differentiated lineages. The
colonial ascidian Botryllus schlosseri propagates asexually and sexually, presumably from pools of stem cells that self-renew throughout the
2- to 5-year colony life span. Asexual budding takes place continuously from the parental body wall. When the colony reaches a critical size,
sexual reproduction commences with the generation of gonads. Here, we establish the existence of 6–15 kb telomeres on the ends of
Botryllus chromosomes. We develop a real-time quantitative PCR telomeric repeat amplification protocol (TRAP) assay that reliably detects
0.2–100 TPG units in cells and tissues. We find highest levels of enzymatic activity in the gonads, developing embryos, and tissues
containing the earliest asexual buds. Telomerase activity appears to be suppressed in later buds during organogenesis and falls to basal rates
in mature zooids. We postulate that this pattern reflects maximum telomere restoration in somatic stem cells of early buds and suppression of
telomerase activity in progenitors and terminally differentiated cells, indicative of an alternate role for stem cells as repeated body
regenerators in colonial life histories.
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Telomerase is a riboprotein enzyme that solves the end-
replication problem in immortal and self-renewing cells.
DNA replication proceeding mitosis involves the loss of
50–150 bases from each chromosome end, which leads to
progressive shortening of the terminal hexameric repeats
comprising the telomeres. During interphase, telomere-bind-
ing proteins double back the chromosome end into a loop
that likely protects it from alteration by DNA repair ma-
chinery (Greider, 1998). Evidence suggests that senescence
is induced when telomeres become sufficiently short such
that the terminal t-loop structure is disrupted and the DNA-
damage response pathway is activated (Griffith et al., 1999).0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.05.029
Abbreviations: TPG, total product generated; kb, kilobase.
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RNA template regenerate telomeres by the addition of
hexameric nucleotide repeat sequences (Greider, 1998).
Telomerase activity is developmentally modulated in
humans and birds, and to some degree in rodents (Forsyth
et al., 2002). A correlation is observed between telomerase
activity and self-renewal potential, although not with prolif-
eration (Holt and Shay, 1999; Holt et al., 1997), as evidenced
by high levels in stem and progenitor cells of the hematopoi-
etic system (Morrison et al., 1996) lymphocytes (Allsopp et
al., 2002; Hiyama et al., 1995) as well as stem cells of the
epidermis (Harle-Bachor and Boukamp, 1996), and intestinal
crypts (Hiyama et al., 1995, 2001). Current models suggest
that telomerase is repressed in cells undergoing terminal
differentiation and quiescent cells, which constitute the
majority of adult somatic tissues (Hou et al., 2001). It is not
clear whether telomerase downregulation during differentia-
tion reflects the loss of its necessity or, as some have
hypothesized, evolved as an antitumor mechanism that indu-
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et al., 1996).
Telomerase regulation has been studied in mammals,
birds, and unicellular organisms, but not in colonial organ-
isms. Unlike solitary organisms which develop only once,
the colonial life history involves de novo creation and
replacement of entire bodies throughout life. We were
interested to know whether multipotent and self-renewing
populations of cells exhibit increased telomerase activity in
a colonial organism that undergoes continuous development
and self-renewal by budding.
Botryllus schlosseri is a model colonial urochordate that
evolved from a chordate ancestor ca. 550 million years ago
(Lehnert et al., 1999; Mueller, 1997). Sexually derived
individuals develop through a chordate tadpole intermediate
that possesses a notochord, neural tube, and segmented
musculature. Loss of these structures ensues when the
tadpole settles and metamorphoses into a sessile invertebrate
adult zooid (Fig. 1; (Milkman, 1967). The same body plan
develops without a tadpole intermediate by direct growth of
an asexual bud from the zooid atrial wall (Berrill, 1941).
One to four bud rudiments arise from a small number of
histologically undifferentiated cells; blastogenic develop-
ment occurs by evagination from each parental bud into a
hemisphere, then formation of a closed vesicle with threeFig. 1. Life cycle of Botryllus schlosseri. [Drawings modified from Oka and Watangerm layers. Organogenesis proceeds in the vesicle interior
and is nearly complete by day 7 (at 18jC) when the body
wall begets new bud rudiments. Bud growth continues until
day 14, when the siphons open and feeding is initiated in
what is now termed a zooid (Izzard, 1973). Death and
resorption of all zooids in a colony, an event termed
takeover, occur on day 21 in a coordinated wave of
apoptosis. Zooid death is concomitant with the maturation
of the next generation of buds into functioning zooids
(Lauzon et al., 1992). This 7-day developmental cycle of
multigenerational budding is described by stages A to D
(Fig. 1). Whereas budding, or blastogenic development,
takes place continuously, sexual maturity of the colony is
attained only after several months of age.
We have undertaken a study of the tissue-specific regula-
tion of telomerase in Botryllus. The presence of long and
heterogeneous telomeres on the ends of Botryllus chromo-
somes is demonstrated. As in solitary organisms studied to
date, we find that the germ and early embryonic tissues of
Botryllus contain high levels of telomerase. To the extent that
it is possible to separate early asexual buds, we show that
telomerase activity peaks in tissues containing bud rudi-
ments, then drops in buds undergoing organogenesis, and
falls again to low levels in functional zooids as well as in
individual organs and blood. Our findings imply that theabe (1957), and Milkman (1967)]. Each zooid is approximately 2 mm long.
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potential in both sexual and asexual modes of inheritance.We
speculate that telomerase activity in Botryllus, as in humans
and birds, is retained in stem and progenitor cells and down-
regulated during differentiation. However, we propose that
this result supports an alternative role for stem cells in
development.Materials and methods
In situ hybridization
Cells were isolated from a Botryllus colony by mechanical
dissociation through a 70-Am cell strainer with a rubber
syringe plunger, while bathing in ice-cold physiologic buffer
(50 mM HEPES, 10 mM EDTA, 10 mM cysteine in sterile
seawater). Following centrifugation for 5 min, 4jC at 500 
g, cells were subjected to hypotonic treatment in 0.075MKCl
for 15 min at room temperature, washed, and resuspended at
approximately 5000 cells/Al. Cells were fixed by dropwise
addition of ice-cold 3:1 methanol–acetic acid while vortex-
ing (3 each 20 Al, 60 Al, and 500 Al) and incubated 1 h on
ice. Cells were pelleted at 500  g for 5 min, resuspended in
fixative, and repelleted after 10 min on ice. Finally, cells were
resuspended in 300 Al of methanol–acetic acid, and one to
two drops were added to clean slides from a height of several
inches. Slides were air-dried overnight and rehydrated in
phosphate-buffered saline (PBS) for 5 min before processing.
In situ hybridization was carried out following a previously
published protocol (Chiu et al., 1996). Briefly, interphase
preparations were fixed in 4% paraformaldehyde in PBS for 2
min, washed 3  5 min in PBS, and treated in 1 mg/ml pep-
sin (Gibco) in phosphoric acid pH 2.0 for 10 min at 37jC.
Slides were rinsed in PBS, fixed again in paraformaldehyde,
and washed. Excess liquid was removed from slides and cells
were covered in 10 Al of 80jC hybridization buffer
[70% formamide/10 mM Tris pH 7.2/1% blocking reagent
(Roche)]. After 3-min denaturation at 80jC, slides were
quickly coated with 20–40 Al of preheated hybridization
buffer containing 0.03 Ag/Al FITC-conjugated (CCCTAA)3-
PNA probe (PBIO/Biosearch, Bedford, MA). Coverslips
were added and slides were incubated for 2 h at room
temperature in the dark. Following hybridization, slides were
washed 2  15 min in 70% formamide/10 mM Tris pH 7.2
followed by 3  5 min in 0.05 M Tris/0.15 M NaCl pH 7.5/
0.05% Tween-20. Slides were air-dried and coated in 20 Al
Antifade containing 0.1 Ag/Al propidium iodide (both from
Molecular Probes, Eugene, OR). Cells were visualized under
epifluorescence microscopy through a 100 oil immersion
lens.
Telomere restriction fragment (TRF) assay
Genomic DNA was prepared from frozen Botryllus
colonies using the Nucleospin C+T kit (Nest Group, South-boro, MA). Tissue was maintained frozen with liquid
nitrogen during homogenization with a mortar and pestle.
The homogenate was mixed with lysis buffer and extraction
carried out according to the manufacturer’s instructions with
the exception of an additional spin step (5 min at 12,000  g
to pellet debris) before adding ethanol to the lysate. Exo-
nuclease digestion was performed at room temperature in a
bulk 60-Al reaction containing 1 Ag of DNA, 20 mM Tris–
HCl (pH 8.0), 600 mM NaCl, 12.5 mM MgCl2, 1 mM
EDTA, and 20 U/ml Bal 31 exonuclease (USB). At various
time intervals, 10 Al of the reaction was removed and
terminated with 20 mM EGTA and immediate phenol–
chloroform extraction. DNA was ethanol precipitated and
digested with HindIII (NEB). Southern blotting and hybrid-
ization with a vertebrate (TTAGGG)3 telomere probe were
carried out as described elsewhere (Allsopp et al., 2001).
Animals and tissue harvesting
Botryllus colonies were maintained at 18jC in the
mariculture facility at Hopkins Marine Station as described
elsewhere (Boyd and Weissman, 1986). Tissues for the
telomeric repeat amplification protocol (TRAP) assay were
surgically excised using a Wheeler dissecting knife (Ernest
Fullam Inc., Latham, NY) under stereomicroscopy and
immediately flash-frozen in liquid nitrogen. Blood was
collected by puncture and aspiration with a glass micropipet
and microinjector.
TRAP assay
Tissues for assay were suspended in 25 Al CHAPS lysis
buffer (Intergen) plus 0.5 Al RNasin (Promega) and me-
chanically dissociated using a pipet tip. Samples were held
on ice for 30 min and centrifuged at 14,000  g for 20 min
at 4jC. Protein in supernatants was quantified in duplicate
using the Micro BCA Kit (Pierce). Extract volumes used for
telomeric repeat amplification protocol (TRAP) contained
between 0.5 and 0.01 Ag of protein in a volume less than
2.5 Al. Each sample was assayed in duplicate or triplicate at
multiple values within this range of protein concentration.
The TRAP assay (modified from Hou et al., 2001) was
performed in a 25-Al volume containing 250 AM dNTPs, 10
mM EGTA, 1.5 mM MgCl2, 0.1 Ag each of the primers TS
(5V-AATCCGTCGAGCAGAGTT-3V) and ACX (5V-
GCGCGG(CTTACC)3CTAACC-3V)(Kim and Wu, 1997;
Kim et al., 1994), 1 SYBR Green buffer, and 1 U
Amplitaq Gold polymerase (both from Applied Biosys-
tems). Reactions were carried out in 96-well optical PCR
plates (Applied Biosystems) with duplicate sets of a stan-
dard curve using 0.1–100 TPG units (104 to 101 amoles)
of TSR8 template (Intergen). Negative controls included a
blank reaction and extract added with 1 U RnaseA or heated
to 95jC for 10 min. Thermocycling took place in an ABI
Prism 7000 Sequence Detector System with the following
parameters: 20 min at 24jC for reverse transcription,
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followed by 40 cycles of 95jC for 20 s, 60jC for 30 s, and
72jC for 90 s with a 60jC dissociation at the conclusion.
Results were analyzed using ABI Prism SDS 7000 software.
Background fluorescent signal from cycles 3–15 was sub-
tracted, and cycle threshold (Ct) level was set in the
logarithmic phase of amplification. Telomerase activity
from each sample was calculated as total product generated
(TPG) and plotted as TPG units versus microgram protein
used; only those values from the linear range of each sample
reported. Selected samples were checked by radiolabeling
with 1 ACi 32P g-ATP and 0.1 U T4 polynucleotide kinase
(Gibco) for 30 min at 37jC, then resolved on a 10%
acrylamide gel in 0.5 TBE buffer for 1.5 h at 280 V,
and exposed to X-OMAT film (Kodak).Fig. 2. Analysis of Botryllus telomeres. (A) Interphase FISH using a FITC-
conjugated (TTAGGG)3 probe produced discrete spots in the nucleus,
characteristic of telomeric staining. (B) Cell nuclei were labeled with
propidium iodide. (C) Telomere restriction fragment (TRF) assay on
Botryllus HindIII genomic DNA fragments. Hybridization with a 18-
nucleotide telomere probe reveals that before Bal 31 exonuclease treatment
(0 min), telomere length spans 6–23 kb. The mobility shift after 60 min
(lane 5) indicates that terminal telomeric sequence has been cleaved.Results
As nothing was known about telomerase or telomeres in
Botryllus, we first established the existence and location of
terminal chromosomal short tandem repeats. Our efforts to
clone Botryllus homologs of the telomerase genes (either
telomerase reverse transcriptase or the RNA component)
were not rewarded, likely due to the low level of conserva-
tion among known telomerase component genes. However,
quantification of their enzymatic activity in various tissues
and cells was accomplished with a modification of the
telomeric repeat amplification protocol (TRAP).
Tandem repeats of the vertebrate telomere sequence are
located at the ends of Botryllus chromosomes
To establish whether telomeric sequences exist on Botryl-
lus chromosomes, in situ hybridization was carried out with
an oligonucleotide probe consisting of three hexanucleotide
repeats (T2AG3) stabilized by a peptide backbone. Interphase
nuclei were used for hybridization due to the difficulty of
preparing good quality metaphase spreads from chromo-
somes as short as those found in Botryllus (Colombera,
1974). The FITC-conjugated probe produced a punctate
staining pattern in the nucleus of each cell (Fig. 2A), similar
to the results in human interphase preparations. Successful
hybridization of this vertebrate telomeric probe to discrete
spots, as well as its localization within the nucleus (Fig. 2B),
indicates the presence of multiple regions of tandem T2AG3
repeats in the Botryllus genome, although gives no informa-
tion about their chromosomal locations. Heterogeneity in the
size and brightness of each dot suggests a range in the size of
telomeric sequences. Determination of the number of chro-
mosomes was not possible with epifluorescence microscopy.
We next used the telomere restriction fragment assay to
determine the length of telomeres and to confirm their
terminal location on chromosomes. High-quality unsheared
DNA was digested with Bal 31 exonuclease, nontelomeric
sequence was removed by HindIII digestion, and telomerefragment size was assessed by Southern blotting. The results
(Fig. 2C) demonstrate an intact telomere length of 6 to 15
kilobases (kb) at time 0 (size was confirmed with higher
resolution, data not shown). The highest molecular weight
bands begin to disappear after 5 min of exonuclease treat-
ment, and by 60 min, the majority of signal falls to less than 2
kb. Given that the rate of Bal 31 digestion at 20jC is 10 kb/h,
it is reasonable to interpret this result as the removal of the
terminal telomeric sequences. Remaining high molecular
weight signal after 60 min may represent intrachromosomal
telomeric sequence.
Quantitation of telomeric repeats by real-time PCR is robust
and sensitive
A modification of the telomere repeat amplification pro-
tocol (TRAP) was developed for real-time quantitative PCR.
TRAP measures activity of the telomerase enzyme as the
number of hexanucleotide repeats that are reverse-transcribed
and extended from a template oligonucleotide (TS; Kim and
Wu, 1997). Extensions are detected by thermocycling in the
presence of SYBR Green, an intercalating fluorochrome
which permits quantitative assessment of the double-stranded
product after each cycle. A standard curve was generated in
each experiment by amplifying dilutions of a repeating
hexanucleotide template, as depicted in Fig. 3. The cycle
threshold (Ct), or the cycle number at which the fluorescent
signal from the product exceeded an imposed ceiling, was
Fig. 3. Standard curve for telomere PCR. The large graph shows the amplification plot from thermocycling reactions containing 100 (red line), 10 (yellow), 5
(green), and 1 TPG unit (blue) of a control template. No amplification resulted from blank reactions (violet). Cycle threshold values (Ct) for duplicate reactions
of the control template are shown on a semilog plot (inset graph). Correlation values for all experiments exceeded 0.98. After thermocycling, products were
labeled with 32P g-ATP and electrophoresed through 10% acrylamide. Resulting gel (inset) shows increasing intensity and height of a ladder of telomeric repeat
bands with increasing amount of control template.
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template (Fig. 3, inset graph). Effective detection ranged from
100 TPG units, which corresponds to 0.1 amoles or 60,000
telomeric templates, down to 0.2 TPG units (2 104 amoles
or 120 templates). In all experiments, correlation coefficients
for two sets of four to six standards exceeded 0.95. To verify
that the measured fluorescent signal corresponded to telo-
meric repeats, selected samples were radiolabeled and re-
solved by gel electrophoresis. Both control template and
sample extracts produced a ladder of bands identical to the
output in the conventional TRAP assay (Fig. 3, gel inset). The
intensity and number of bands were reduced with decreasing
amounts of either telomeric control template amplified or
sample extract used, corresponding to the fluorescence signal
detected. PCR amplification was also validated by fluores-
cence measurement during gradual heating of the post-PCR
sample. A Fourier transform of the fluorescent signal versus
temperature for successfully amplifying samples yielded a
multipeaked dissociation curve (data not shown). Blank
reactions with Ct values out of the range of detection
exhibited a different dissociation profile, probably caused
by fluorescence from primer–dimer pairs.
Normalization of sample extracts and titration of linear
range of telomerase activity
The robustness and reproducibility of the TRAP assay
rely on an accurate standard of comparison betweensamples as well as measurement within the linear range
of telomerase activity. Given the cellular heterogeneity of
tissues of interest and their small size (the diameter of
secondary buds is approximately 200 Am), accurate as-
sessment of cell number with sufficient recovery is not
feasible. Instead, we normalized extracts by protein quan-
titation, which required pooling smaller tissues for suffi-
cient detection. Osmotic adjustment of buffers during
extraction was not necessary for protein and RNA stability.
Optimal extract volumes ranged from 0.1–2 Al and con-
tained 0.01–0.5 Ag of protein. Each sample was assayed
three to seven times in a given experiment at three or more
different protein levels to determine the appropriate range
for telomerase measurement. Only those results within
linear range were accepted, as others fell below the level
of detection or exhibited PCR inhibition at higher protein
concentrations. Such criteria achieved greater consistency
of results between tissues and experiments as well as
eliminating PCR artifacts.
Highest telomerase activity is found in the germ line, the
embryo, and early buds
Telomerase activities reported in Table 1 represent the
weighted average and standard error of the mean obtained
from at least two different tissue preparations within linear
range of detection. Consistent with other metazoans (Man-
tell and Greider, 1994; Wright et al., 1996), Botryllus germ
Table 1
Results from TRAP assay on various tissues from sexually mature and
sexually immature colonies
Tissue Stage Sexually
immature
N Sexually
mature
N
2j Bud C 37.25 F 6.4 8 74.55 F 13.98 7
D 214.72 F 82.15 12 ND
1j/2j Buds A 157.12 F 29.87 10 231.6 F 90.65 3
B 146.89 F 25.07 3 128.04 F 4.01 5
1j Bud C 18.25 F 0.98 6 59.78 F 32.12 4
D 39.3 F 3.65 10 45.67 F 12.45 12
Zooid A-1 12.12 F 2.31 14 8.13 F 1.77 6
A-2 ND 2.31 F 1.06 8
B 26.48 F 3.27 13 12.87 F 3.57 9
C-1* 63.76 F 7.52 13 4.19 F 1.66 13
C-2 ND 17.1 F 0.94 5
D* 19.87 F 1.91 5 3.16 F 0.38 7
Brach. bask. B 0.29 F 0 3
Intestine B 20.02 F 5.92 10
Blood A 0 4
B 0 4
C 0 2
D 1.44 F 0.19 4
Embryo Oocyte 168.3 F 14.05 3
Blastula 284.45 F 42.31 10
Gastrula 125.27 F 12.12 11
Tailwrap 434.93 F 27.51 9
Values expressed are weighted averageF weighted standard error. Units are
total product generated (TPG) per microgram protein.
*Stage for which results for sexually mature and immature colonies are
significantly different by t test (P < 0.05).
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significant amounts of template could be PCR-amplified
from a single testis (data not shown), we were unable to
quantify this activity because testes extracts did not produce
readings in the protein assay. Oocytes (with their cumulus
cells intact) contain 168.3 F 14.1 TPG units/Ag protein.
Telomerase levels remain high throughout all stages of
Botryllus embryogenesis examined, including the blastula
and gastrula (days 2–3 postfertilization). Although activity
of the enzyme appears to be constant during early deve-
lopment relative to protein levels, normalization to cell
number might be a more useful metric for stages of
embryonic development in which cytokinesis occurs with-
out growth. Later in embryogenesis, telomerase rises to
434.9 F 27.5 TPG/Ag in tailwrap embryos (day 5 following
fertilization), a significant change from early embryos by
t distribution (P < 0.05).
Given the high levels of telomerase activity in germ line
tissues, efforts were made to select adult tissues lacking
gonads or to remove these structures from zooids and buds
when visible. However, we controlled for contaminating
telomerase activity from small or unidentified gonads by
separate assay of young colonies in which testes and ovaries
had not arisen. Telomerase activity during bud and early
zooid development is similar in sexually mature and imma-
ture colonies. However, late-stage zooids (developmental
days 19–21 or stages C and D) from immature coloniesexhibited significantly more activity over their mature
counterparts by Student’s t test (P < 0.05). The reason for
this elevation, which is most acute in early stage C young
zooids (63.8 F 7.5 TPG/Ag), remains unclear.
Several trends emerge in the telomerase activity mea-
sured during blastogenesis, as depicted in Fig. 4. Basal
level activity is observed in zooids; with the exception of
the aberrant reading in juvenile stage C-1 (day 19) zooids,
telomerase remains between 2.3 and 26.5 TPG/Ag, with a
mean of 11.8 F 1.9. Primary buds that could be surgically
separated from their secondary buds (days 12–14 or stages
C and D) exhibited an intermediate level of telomerase,
averaging 40.8 F 12.3, nearly fourfold the quantity found
in the zooids. Primary buds in stages A and B (days 8–11)
with secondary bud rudiments contained approximately
fourfold more telomerase activity than primary buds alone,
or 165.9 F 37.4 averaged over the means reported in
Table 1; this high level of activity is equivalent to that
found in germ line and early embryonic tissue. However, 1
day earlier in blastogenesis, in stage D secondary buds,
telomerase peaks at 214.7 F 82.2 TPG/Ag, which resembles
activity in 1j/2j buds more than stage C secondary buds
alone. It is likely that the majority of activity in stages A
and B 1j/2j buds, and perhaps even in stage D 2j buds, is
attributable to the developing secondary buds or earliest
bud primordia. Taken together, these results suggest a trend
of stepwise decline in telomerase activity during blasto-
genesis. The grey shaded line in Fig. 4 depicts a hypothet-
ical result if early secondary buds could be assayed
separately from primary buds.
Visceral organs and tissues assayed include the intestinal
tract and brachial basket of midcycle zooids as well as blood
collected from all stages (data presented in Table 1).
Telomerase activity was virtually undetectable from the
filter-feeding organ, called the brachial basket, but a low
level was found in the intestinal tract, consistent with the
activity observed in zooids. Sufficient blood collection for
reliable protein measurement proved difficult, and telomer-
ase activity was undetectable at all stages except late D, or
takeover.Discussion
In many organisms and tissues, the enzyme telomerase is
a critical component of self-renewal. Here, we have dem-
onstrated developmentally regulated telomerase activity in a
colonial ascidian that regenerates itself weekly by budding.
Botryllus chromosome ends are protected by long sequences
of tandem hexameric repeats that are probably identical to
those found in all vertebrates. The telomerase enzyme
appears to be crucial in the maintenance of chromosome
ends in germ tissues of Botryllus, as in multicellular
organisms of both plant and animal kingdoms (Forsyth et
al., 2002). During asexual development, it was found that
telomerase activity is highest when early bud rudiments are
Fig. 4. Schematic representation of telomerase activity in bud development. TRAP assay results are plotted for sexually mature (blue line) and immature
colonies (orange line) with the day of bud development on the y axis. Numbers presented are weighted averages from multiple reactions over several
experiments (number indicated in parenthesis); bars represent standard error. Expectations for separated primary buds and secondary bud rudiments are shown
in grey. Major events in development and pictoral representations of buds on each day of the cycle are featured below, with assayed tissues circled in green.
(Drawings reproduced from Oka and Watanabe, 1957).
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day 11, and again in the functionally mature zooid.
Colonial life histories, by contrast to solitary organisms
with a single mode of reproduction, require two separate
lineages of inheritance. Cells of the germ line, whether
segregated early in embryogenesis or continuously derived
from a totipotent source (Stoner and Weissman, 1996;
Stoner et al., 1999), maintain the integrity of the genome
for future sexually derived generations. Somatic cell line-
ages similarly assure the colony many generations of clonal
progeny via blastogenesis, as illustrated in Fig. 5. As germ
line cell chromosomes are protected by telomerase, we
postulate that the stem cells that give rise to the asexual
bud require expression of telomerase for preservation of
chromosome ends through many divisions.
This model of blastogenic inheritance protection by
telomerase upregulation in somatic stem/progenitor cells is
supported by the data presented here. The highest level of
telomerase activity was detected in primary buds during the
first half of the blastogenic cycle, days 8–11 of develop-
ment. Since organogenesis is largely complete at this stage
(Izzard, 1973), this elevation in activity is most likely
attributable to the bud primordia. Nascent buds appear
histologically as a disc of cuboidal cells in the atrial wall
of the primary bud on the first day of the new cycle, stage
A-1, or day 8 (Berrill, 1941; Izzard, 1973; Sabbadin, 1995).
However, the observed telomerase increase 1 day earlier (in
stage D secondary buds; see Fig. 4) suggests that stem orprogenitor cells could be collecting or dividing in the bud
1–2 days before the first visual detection of its secondary
bud rudiment. Intermediate telomerase levels were observed
following vesicle closure at day 4 in the B-2 secondary bud
and late-cycle primary buds. Although both generations of
late cycle 1j and 2j buds are growing rapidly, their reduced
telomerase activity suggests a decline in self-renewal po-
tential, consistent with loss or exodus of stem cells from the
buds. In well-studied systems such as mouse blood-forming
lineages, highest telomerase levels correlate with self-
renewal capacity in cells such as hematopoietic stem cells
and germinal center B cells, but not with proliferative
potential (e.g., mostly non-self-renewing CD4+CD8+thymo-
cytes; Morrison et al., 1996). Mechanistically, telomerase
downregulation induces expression of differentiation
markers such as retinoic acid (Pendino et al., 2001). Reti-
noic acid promotes secondary axis formation in the buds of
another colonial urochordate, Polyandrocarpa misakiensis
(Hara et al., 1992); both are coincident with the onset of
organogenesis, when telomerase activity declines from high
to intermediate levels in our studies. Telomerase declines to
basal levels as primary buds become zooids. This transition
is physiologically distinguishable by the opening of the oral
and atrial siphons and the onset of filter feeding in the
mature zooid. The general absence of self-renewal during
the last 7 days of zooid life span does not suggest reason for
this activity. Similar telomerase levels in the digestive tract
of midcycle zooids (Table 1 and Fig. 4) could reflect
Fig. 5. Schematic diagram contrasting the use of stem cell pools in solitary versus colonial organisms. In both, differentiated cells of the germ line (as illustrated
by pink sperm cells above) are derived throughout adult life from a small number of germ stem/progenitor cells (pink circles marked G). In solitary organisms,
development proceeds by a single expansion of a small number of somatic stem cells (blue circles marked S) followed by maintenance of rare stem cells for
repair and regeneration of organs throughout life. In colonial organisms, a lineage of somatic stem cells is expanded repeatedly to build new bodies during the
lifetime of the colony.
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basal layer of stem cells, analogous to progenitor cells of the
intestinal crypt that maintain high levels of telomerase in
humans (Hiyama et al., 1995, 2001). Whereas the replace-
ment of mucosal cells in the intestine of a long-lived
organism makes sense, its rationale is questionable in
Botryllus, given that the intestine functions for less than 7
days before death of the zooid.
Significant chromosome end maintenance or elongation
is not required in somatic cells other than self-renewing
populations, such as stem cells. The short life span of any
Botryllus individual implies that somatic cell survival is not
required beyond 3 weeks and that differentiated cells
incurring damage will not be replaced. At a rate of 50–
150 bp lost during each DNA replication, the 6–15 kb
length of Botryllus telomeres is sufficient to protect the
chromosomes of somatic cells for the life span of individual
zooids without telomerase. Telomere shortening should
therefore be detectable over the life span of a zooid. The
observed heterogeneity in telomeric fragments isolated from
whole colonies might reflect varying degradation of somatic
cell telomeres across generations of buds and zooids.
Furthermore, as documented in the hematopoietic stem cellsof mice (Allsopp and Weissman, 2002; Allsopp et al., 2001)
and humans (Vaziri et al., 1994), telomeres in the stem cells
of Botryllus may progressively shorten with age despite
telomerase. If restoration of telomeres after replication is
incomplete, then the gradual erosion of chromosome ends
over the 2- to 5-year life span of a colony could be
significant. Such a mitotic clock mechanism could explain
the nonrandom senescence that occurs, often within the
same cycle, in physically separated Botryllus subclones
(Lauzon et al., 2000; Rinkevich et al., 1992). Alternatively,
it is possible for some cell types, such as the activated T
lymphocyte (Allsopp et al., 2002), to restore long telomeres
from a short beginning, which could represent a property
common to many clonogenic cells.
Based on the observed pattern of developmentally
modulated telomerase activity, we have suggested that
the enzyme is not important in maintaining the relatively
short-lived somatic tissues in Botryllus. Telomerase does
appear to be critical for stem and possibly multipotent
progenitor cells that build new bodies, either by budding
or sex. We argue that this provides evidence for the use of
stem cells in colonial organisms, not for repair and
regeneration of long-lived organs as in solitary organisms,
D.J. Laird, I.L. Weissman / Developmental Biology 273 (2004) 185–194 193but for repeated regeneration of the entire organism (Lau-
zon et al., 2002). If we consider the investment made by
solitary organisms in their bodies, maintaining pools of
stem cells for blood, liver, pancreas, skin, and kidney
throughout life, the colonial paradigm represents the
Walmartk approach to development: why invest in main-
taining bodies when they are a cheap, disposable, and
mass-produced commodity? Further understanding of stem
cells and self-renewal in Botryllus will come from the
development of assays for small numbers of isolated cells
such that telomerase activity in specific populations may
be tested. Understanding will be enhanced by studies of
the cell lineage and proliferation in various tissues during
development. Finally, we add that this work has estab-
lished that telomerase will be an important functional
marker in the isolation of candidate germ line and somatic
stem and progenitor cell populations.Acknowledgments
The authors would like to acknowledge the advice and
technical expertise of telomerase guru Richard Allsopp, the
patient instruction of Robert Lauzon on microsurgeries, and
Katherine Ishizuka, Karla Palmeri, and ViKi Takacs for
animal care. Support for this work includes NIH grant
DK54762 to I.L.W. and an NSF Predoctoral fellowship to
D.J.L.References
Allsopp, R.C., Weissman, I.L., 2002. Replicative senescence of hemato-
poietic stem cells during serial transplantation: does telomere shortening
play a role? Oncogene 21, 3270–3273.
Allsopp, R.C., Cheshier, S., Weissman, I.L., 2001. Telomere shortening
accompanies increased cell cycle activity during serial transplantation
of hematopoietic stem cells. J. Exp. Med. 193, 917–924.
Allsopp, R.C., Cheshier, S.,Weissman, I.L., 2002. Telomerase activation and
rejuvenation of telomere length in stimulated Tcells derived from serially
transplanted hematopoietic stem cells. J. Exp. Med. 196, 1427–1433.
Berrill, N., 1941. The development of the bud in Botryllus. Biol. Bull. 80,
169–184.
Boyd, H., Weissman, I.L., 1986. Growth and sexual maturation of labora-
tory-cultured Monterey Botryllus schlosseri. Biol. Bull. 170.
Chiu, C.P., Dragowska, W., Kim, N.W., Vaziri, H., Yui, J., Thomas, T.E.,
Harley, C.B., Lansdorp, P.M., 1996. Differential expression of telomer-
ase activity in hematopoietic progenitors from adult human bone mar-
row. Stem Cells 14, 239–248.
Colombera, D., 1974. Action of colchicine on the chromosomes of the
ascidian Botryllus schlosseri pallas. Z. Zellforsch. Mikrosk. Anat.
147, 249–257.
Forsyth, N.R., Wright, W.E., Shay, J.W., 2002. Telomerase and differenti-
ation in multicellular organisms: turn it off, turn it on, and turn it off
again. Differentiation 69, 188–197.
Greider, C.W., 1998. Telomeres and senescence: the history, the experi-
ment, the future. Curr. Biol. 8, R178–R181.
Griffith, J.D., Comeau, L., Rosenfield, S., Stansel, R.M., Bianchi, A.,
Moss, H., de Lange, T., 1999. Mammalian telomeres end in a large
duplex loop. Cell 97, 503–514.Hara, K., Fujuwara, S., Kawamura, K., 1992. Retinoic acid can induce a
secondary axis in developing bud of a colonial ascidian, Polyandro-
carpa misakiensis. Dev. Growth Differ. 34, 437–445.
Harle-Bachor, C., Boukamp, P., 1996. Telomerase activity in the regener-
ative basal layer of the epidermis inhuman skin and in immortal and
carcinoma-derived skin keratinocytes. Proc. Natl. Acad. Sci. U. S. A.
93, 6476–6481.
Hiyama, K., Hirai, Y., Kyoizumi, S., Akiyama, M., Hiyama, E., Piatyszek,
M.A., Shay, J.W., Ishioka, S., Yamakido, M., 1995. Activation of telo-
merase in human lymphocytes and hematopoietic progenitor cells. J.
Immunol. 155, 3711–3715.
Hiyama, E., Hiyama, K., Yokoyama, T., Shay, J.W., 2001. Immunohisto-
chemical detection of telomerase (hTERT) protein in human cancer
tissues and a subset of cells in normal tissues. Neoplasia 3, 17–26.
Holt, S.E., Shay, J.W., 1999. Role of telomerase in cellular proliferation and
cancer. J. Cell. Physiol. 180, 10–18.
Holt, S.E., Wright, W.E., Shay, J.W., 1996. Regulation of telomerase ac-
tivity in immortal cell lines. Mol. Cell. Biol. 16, 2932–2939.
Holt, S.E., Aisner, D.L., Shay, J.W., Wright, W.E., 1997. Lack of cell cycle
regulation of telomerase activity in human cells. Proc. Natl. Acad. Sci.
U. S. A. 94, 10687–10692.
Hou, M., Xu, D., Bjorkholm, M., Gruber, A., 2001. Real-time quantitative
telomeric repeat amplification protocol assay for the detection of telo-
merase activity. Clin. Chem. 47, 519–524.
Izzard, C., 1973. Development of polarity and bilateral asymmetry in the
palleal bud of Botryllus schlosseri (Pallas). J. Morphol. 139, 1–26.
Kim, N.W., Wu, F., 1997. Advances in quantification and characterization
of telomerase activity by the telomeric repeat amplification protocol
(TRAP). Nucleic Acids Res. 25, 2595–2597.
Kim, N.W., Piatyszek, M.A., Prowse, K.R., Harley, C.B., West, M.D., Ho,
P.L., Coviello, G.M,, Wright, W.E., Weinrich, S.L., Shay, J.W., 1994.
Specific association of human telomerase activity with immortal cells
and cancer. Science 266, 2011–2015.
Lauzon, R.J., Ishizuka, K.J., Weissman, I.L., 1992. A cyclical, develop-
mentally-regulated death phenomenon in a colonial urochordate. Dev.
Dyn. 194, 71–83.
Lauzon, R.J., Rinkevich, B., Patton, C.W., Weissman, I.L., 2000. A mor-
phological study of nonrandom senescence in a colonial urochordate.
Biol. Bull. 198, 367–378.
Lauzon, R.J., Ishizuka, K.J., Weissman, I.L., 2002. Cyclical generation and
degeneration of organs in a colonial urochordate involves crosstalk
between old and new: a model for development and regeneration.
Dev. Biol. 249, 333–348.
Lehnert, O., Miller, J., Cochrane, K., 1999. Alaeobotryllus and friends:
Cambro-Ordivician record of probably ascidian tunicates. Acta Univ.
Carol., Geol. 43, 447–450.
Mantell, L.L., Greider, C.W., 1994. Telomerase activity in germline and
embryonic cells of Xenopus. EMBO J. 13, 3211–3217.
Milkman, R., 1967. Genetic and developmental studies on Botryllus schlos-
seri. Biol. Bull. 132, 229–243.
Morrison, S.J., Prowse, K.R., Ho, P., Weissman, I.L., 1996. Telomerase
activity in hematopoietic cells is associated with self-renewal potential.
Immunity 5, 207–216.
Mueller, K., 1997. Palaeobotryllus from the upper Cambrian of Nevada—A
possible ascidian. Lethia 10, 107–118.
Oka, H., Watanabe, H., 1957. Vascular budding, a new type of budding in
Botryllus. Biol. Bull. 112, 225–240.
Pendino, F., Flexor, M., Delhommeau, F., Buet, D., Lanotte, M., Segal-
Bendirdjian, E., 2001. Retinoids down-regulate telomerase and telo-
mere length in a pathway distinct from leukemia cell differentiation.
Proc. Natl. Acad. Sci. U. S. A. 98, 6662–6667.
Rinkevich, B., Lauzon, R.J., Brown, B.W., Weissman, I.L., 1992. Evidence
for a programmed life span in a colonial protochordate. Proc. Natl.
Acad. Sci. U. S. A. 89, 3546–3550.
Sabbadin, A., 1995. Osservazioni sulla sviluppo l’accrescimento e la rip-
roduzione di Botryllus schlosseri. Boll. Zool. 22, 243–263.
Stoner, D.S., Weissman, I.L., 1996. Somatic and germ cell parasitism in a
D.J. Laird, I.L. Weissman / Developmental Biology 273 (2004) 185–194194colonial ascidian: possible role for a highly polymorphic allorecognition
system. Proc. Natl. Acad. Sci. U. S. A. 93, 15254–15259.
Stoner, D.S., Rinkevich, B., Weissman, I.L., 1999. Heritable germ and
somatic cell lineage competitions in chimeric colonial protochordates.
Proc. Natl. Acad. Sci. U. S. A. 96, 9148–9153.
Vaziri, H., Dragowska, W., Allsopp, R.C., Thomas, T.E., Harley, C.B.,Lansdorp, P.M., 1994. Evidence for a mitotic clock in human hemato-
poietic stem cells: loss of telomeric DNA with age. Proc. Natl. Acad.
Sci. U. S. A. 91, 9857–9860.
Wright, W.E., Piatyszek, M.A., Rainey, W.E., Byrd, W., Shay, J.W., 1996.
Telomerase activity in human germline and embryonic tissues and cells.
Dev. Genet. 18, 173–179.
